This study assesses whether deprived populations living dose to industry experience greater mortality from lung cancer than populations with comparable socioeconomic characteristics living flrther away. Mortality data, census data, a postal survey of living circumstances, historic and contemporary data on air quality and a historic land-use survey were used. Analysis was based on two conurbations in England, Teesside and Sunderland. Housing estates in Teesside were selected based on socioeconomic criteria and distinguished by proximity to steel and chemical industries; they were grouped into three zones: near (A), intermediate (B), and farther (C), with a single zone in Sunderland. We incduded 14,962 deaths in 27 estates. Stadardized mortality ratios (SMR) for lung cancer [Internationl Clasification ofDiseases #9 (ICD-9) 162] and cancers other than lung (ICD-9 140-239, excuding 162), and sex ratios were calculated. Mortlity from lung cancer was well above national levels in all zones. For men, a weak gradient corresponding with proximity to industry at younger ages reversed at older ages. In women 0-64 years of age, stronger gradients in lung cancer mortality corresponded with proximity to industry across zones A, B, and C (SMR = 393, 251, 242, respectively The present study was designed to include two geographical levels of analysis, one more extensive than the other, with both based on comparison of these four sets of neighborhoods. The wider level incorporated 27 neighborhoods in total and relied on routinely collected statistical sources
proximity to industr. Environ Heal Perspect 106: 189-196 (1998) . [Online 2 March 1998] htp://ehpnnl..ni.es.nih.gov/ldocsll9981106p189-l96pless-mu&li/abstracthtml Lung cancer is the most common malignant disease in the industrial world, causing more than 30 ,000 deaths/year in England (1) . It is the most common cancer in men and is among the three most common cancers in women. Whereas mortality rates in men continuously decreased since 1970 (1) , lung cancer mortality for women rose during the 1 970s and is still not declining.
So dominant has been the role of smoking in lung cancer etiology that other possible environmental agents have been dwarfed by comparison. Even though there has been long-standing epidemiological interest in industrial and urban air pollution as a contributory cause of lung cancer, its etiological importance remains controversial (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Studies of urban-rural differences have consistently shown a 1.5-2.0-fold urban excess in lung cancer incidence. These differences have largely been accounted for by differences in smoking history, occupational exposure, or educational level, though this synergy has been hard to quantify (8, (12) (13) (14) . Yet, citywide long-term average pollution levels may obscure relevant variations between neighborhoods, especially in places where atypically severe pollution persists. Recent studies, for example, have reported excess lung cancer mortality in relation to indicators of contemporary ambient air pollution such as fine particulates and sulfur dioxide, or in areas of high pollution when compared with areas of low pollution (15) (16) (17) (18) (19) . It has also been argued that high pollution levels may be required before any association with lung cancer becomes robust (9, 13, 20) . Analysis and interpretation of data on air pollution and lung cancer are further complicated by the long latency period of lung cancer and by the fact that air pollution is a complex mixture that varies by place and over time (21) .
This paper examines the effect of longterm exposure to industrial air pollution on lung cancer mortality, comparing small urban areas. Much research on the impact of industry on the health of populations living nearby has investigated the effect of single factories or plants (22) (23) (24) (25) (26) . This study, in contrast, assesses the impact of a large number of industries concentrated in a conurbation. To compare like communities, it was of utmost importance to choose communities of comparable socioeconomic status. The populations considered here are all among the poorest and most disadvantaged in Britain. Previous research about health and inequalities in these areas highlighted health differentials for all cause and respiratory mortality including lung cancer under the age of 65 in relation to socioeconomic factors, but it also raised the question of additional effects due to differentials in air pollution . While the potential synergy between different pollutants, or between outdoor air quality and smoking habits, is acknowledged in air pollution epidemiology, the interaction between pollution and the health disadvantages associated with living in poor neighborhoods requires greater scrutiny. Not all poor areas are polluted, but areas that are visibly close to potential air pollution sources tend to have poor populations. The primary concern of this paper is with industrial air pollution in Teesside, Table 2 , which covers 6 years in the 1960s, and show a sharp gradient between industrial, semi-industrial, and residential areas based on groupings of monitoring sites made by local government (35, 36) . Little decline in pollution was evident in these years. Table  3 summarizes seasonal variations in smoke and sulfuir dioxide at particular monitoring sites for 1968 (40) . The site that was dosest to industry had the highest levels of smoke and sulfur dioxide. Two further sites (b and c) lay dose to industry but were outside our study zones. Levels were generally higher at these two sites than farther away from Volume 106, Number 4, April 1998 * Environmental Health Perspectives industry. Lowest levels were found at the final site, well away from industry. The high readings recorded nearest to industry were in the area known as South Bank. This is situated close to steel, coking, and chemical operations. South Bank was constantly mentioned in local documentation from the later 1960s to the early 1980s as an area of particular concern with regard to air pollution. Within the first months of the monitoring site shown in Table 3 , which was introduced in late 1967, daily winter smoke peaks of over 700 pg/m3 were reported (34) . Successive local government reports covering pollution for 1964-1973 and 1972-1981 highlighted the continuing problem of pollution in this area. The former summarized the position thus:
In contrast to the general improvements in all four pollutants there remain particular sites where the pollution is becoming worse or where high levels of pollution are still being registered. South Bank is the area most severely affected (38) .
Even in 1981, the area still had the highest levels of sulfur dioxide.
More recently, air quality monitoring has emphasized the presence of other pollutants such as nitrogen dioxide, ozone, small particles (PM10), volatile organic compounds (VOCs), and polycyclic aromatic hydrocarbons (PAHs), few of which were monitored before 1989. Current routine air quality data preclude any analysis of spatial variations because the number of monitoring sites is now too limited. However, evidence from dispersion modeling of various pollutants in Teesside, which distinguished industrial from other kinds of emissions, primarily traffic, suggested that spatial variations remain, even if annual average levels were low (31). Sample selection and data collected. Prior to publication of the 1991 Census, data from the 1981 Census were assembled for enumeration districts, the smallest areal unit for which British Census data are available, which consist of approximately 150 households. The first step was to identify the poorest enumeration districts using methods defined by Townsend et al. (29) . Thereafter, clusters of adjacent enumeration districts with similar social and economic characteristics were aggregated and checked to ensure that the resulting areas were socially homogeneous and locally recognizable neighborhoods. This matching included a check on migration to eliminate possible differentials in population turnover. Finally, 1991 Census data were examined to verify that study areas remained similar to one another in social characteristics. Five possible areas in Teesside were excluded at this stage: two because of major redevelopment and rehousing and three because of comparatively large ethnic minority populations. excluded (31) . A mid-decade denominator was constructed for the analysis of the 11 years of data using the residents in private households (1981) and residents in households (1991) to match the numerator of noninstitutional deaths.
Data analysis. Mortality data were summarized as standardized mortality ratios (SMRs), with the population of England and Wales as the standard population (SMR = 100) using 5-year age groupings for adjustment. A trend in death rates across Teesside was tested using a Poisson log-linear model for the observed numbers of deaths in the three zones, with the log of the expected number of deaths as an offset. The result of the test is a chi-square statistic on 4 degrees of freedom. The test was carried out using the statistical package GLIM (GLIM National Algorithms Group, Oxford, UK). Teesside and Sunderland SMRs were compared using a standard chi-square test of the observed and expected values.
Socioeconomic comparability andpopulation stability. Table 5 contains socioeconomic indicators derived from the 1991 Census and from the 1993 community survey covering the same populations. The similarity of census and survey data on related indicators (unemployment, car and house ownership, overcrowding, and education) helped to justify the judgment that the community survey respondents were broadly representative of the overall population of their neighborhoods. The evidence supported the claim that the populations in each zone had similar social characteristics and were comparably poor. The differences of any importance (the greater proportion of households without a car and those renting homes in Sunderland) reflected historical traditions of public housing and public transport provision in the two centers. It would be a misjudgment to infer from these indicators that poverty may be more widespread in Sunderland. No gradient with proximity to industry was observed across zones A,B, and C with regard to the percentage who had lived at the same address for most of their life (57-59%); for Sunderland, the percentage was 51%, which is statistically significant.
Occupational history. Table 5 summarizes data on occupational history. Among women, no differences were apparent. For men the picture was less clear-cut: a greater proportion living close to industry (zone A) had worked in one of the indicated industries (notably steel and chemicals), yet exposure to dust was reported as highest among men in Sunderland (zone S), where coal mining had featured prominently until the 1980s.
Current smoking habits. Table 6 presents data on current smoking habits and smoking history. Smoking patterns in the four zones have been similar, with negligible differences. There was nothing to suggest that underlying variations had been concealed by differential reporting. A slightly greater proportion of women were current smokers in Teesside than in Sunderland (43 vs. 38%), and smoking levels (pack-years) among middle-aged women may have been slightly higher. However, there was no gradient across Teesside to encourage emphasis on this small interconurbation difference, and overall, the data suggested parallels rather than differences in smoking habits, as might have been expected in socially similar populations.
Results
Cancer mortality in zones A, B, C, and S. (27) , with the reverse tending to apply at older ages. Lung cancer patterns therefore exhibited distinctive characteristics. The analysis was repeated based on 27 neighborhoods (see Fig. 1 ). This produced similar findings for mortality from lung and other cancers to the 15-area analysis described above (31) . Given the geographical variations shown above for lung cancer among women, Table 7) , with the all-age comparison achieving statistical significance. The gradient remained strongest among women under 65 years of age, for whom the Teesside-Sunderland difference attained statistical significance (p<0.001). A five-zone comparison within Teesside was also undertaken to counter the possibility that the gradient was an artifact of allocating neighborhoods to zones. This also showed a clear excess of lung cancer mortality in zone A in women under the age of75 years (31) .
We analyzed sex ratios of directly age/sex standardized mortality rates. Table  9 is based on the smaller zones used for Table 7 . The smaller sex ratios observed in zone A in the age groups 0-64 and 65-74, compared with the other Teesside and Sunderland zones, pointed toward the proportionate severity of female compared to male lung cancer mortality in the zone closest to industry and reemphasized the observation of a health effect that occurred in women up to 75 years of age but not in those over 75 years old.
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Lung cancer mortality was also analyzed for three shorter periods within 1981-1991 (1981-1984, 1985-1987, and 1988-1991 (10) 170 (16) (27, 47) . Furthermore, there was no reason to suggest that differences in service organization or delivery had led to variations in case definition or treatment for lung cancer across the study areas. In terms of population movements, two major patterns have taken place in the Teesside area over the last 100 years. While industry has in successive waves of development moved down-river, populations were rehoused in successive waves away from the river. Gradually, the population has been located farther away from the biggest industrial sites. Yet, despite this, in several areas substantial blocks of housing still remain in close proximity to chemical or steel sites; i.e., at the 1991 Census, approximately 12,000 people were living within 1 km of such sites, many of them in zone A. Moreover, areas of major demolition or rehousing were excluded from the study. Any association between air pollution and health may therefore represent an underestimate, as some of those populations most severely affected were not part of the study sample.
Interpretation should consider differential patterns by sex, especially in relation to occupation and smoking habits. For men in all these areas until the recession in the 1980s, work was commonly in industries that necessitated exposure to toxic dust and fumes. Among men, exposure to pollution at work would have been more relevant than any residential exposure. However, while air pollution in shipyards and mines (Sunderland) was localized to the work site, pollution in steel and chemical works (Teesside) (48) .
Puzzles remain in the relationship of lung cancer to age. While social differentials in mortality generally weaken at older ages, it is not clear why there should be a reversal in lung cancer gradients among those over 75 years of age. This might suggest a cohort effect, but it is uncertain which cohort would be the anomaly. For example, we can only raise the possibility that women during World War II, by taking over traditionally male occupations, may have been exposed to pollutants in the workplace more than in the generations before or after. Yet, some of these women are in the cohort among whom area differentials in mortality were greatest, making inference difficult. An alternative explanation might be that in the group over 75 years of age, all those susceptible to lung cancer may have already died.
The final factor to consider was the contribution of air pollution from different sources. Whereas absolute levels of smoke were continuously higher in Sunderland than in Teesside, spatial variations were more pronounced in Teesside between 1960 and 1990, pointing toward unevenly distributed sources that are consistent with the impact of industries. Despite limitations in air quality data, the evidence for several pollutants supported rather than contradicted the basic study design based on residential proximity to industry. It is also misleading to infer from smoke data alone that Sunderland has historically had a greater pollution load. Furthermore, variation in traffic was found to be unlikely as an explanation for air quality differences between areas in this study (31) .
What conclusions do these findings suggest? The evidence does not all point in the same direction, and we did not predict at the outset a gradient among women that is unmatched among men. Additionally, it can be particularly difficult to argue that factors other than smoking are worth considering in a comparison between some of the poorest sections of the British population among whom smoking levels have long been high. Should we conclude that these findings are contradictory and the outcome is inconclusive? The argument for such a judgment is that, despite a suggestive gradient among women up to 75 years of age, the evidence relating to men at all ages and to women over 75 is either less clear-cut or even contradictory. The limitations of available air pollution data and the inferences entailed in extrapolating past smoking patterns from data on present-day smoking habits may be seen as accentuating the difficulties of reaching reliable conclusions about the causal influences under review here. In addition, the known associations of lung cancer and poverty, mediated through smoking, point in the same direction. There is, however, an alternative case to be made, which emphasizes the way that exposure to pollution compounds the effects of poverty, rather than being entirely obscured by it. The sharp gradient among women, and its weaker reflection among younger men, is not easily ignored, and we would argue against a judgment of inconclusiveness. Even though chance and artifact could not be ruled out, the area differences reported here point toward a real and not a spurious effect of residential proximity to industry. In discounting potential alternative explanations, we have argued that there are indeed plausible explanations, for the difference between men and women. Crucially, the gradient in mortality of women under 75 years of age points to factors unevenly distributed across Teesside. Air pollution from industry exhibits this uneven distribution in a way that alternative potential confounding influences do not. At the same time, it is difficult to argue on this evidence that industrial air pollution has a cross-Teesside effect. Mortality gradients fell steeply with distance, and measurable effects appeared relatively localized. Differential proximity to industrial air pollution over a long period currently offers a more convincing explanation for the observed variations in lung cancer mortality in women than any alternative explanation. Given the long latency periods involved, it will not be known for another generation whether present pollution levels have similar consequences for lung cancer mortality.
